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Abstract
In this paper we study the fatigue crack propagation behavior of an austenitic metastable stainless steel in the near threshold 
region. The steel used in this research is investigated in two different microstructural conditions: annealed and cold rolled. The 
fatigue crack propagation tests ZHUHFRQGXFWHGXVLQJ WKHSURFHGXUHRIǻK decreasing constant RDQGǻK decreasing constant 
Kmax. The assessment of the fatigue crack propagation curves using the crack growth trajectory map proposed by Sadananda and 
Vasudevan [Int. J. Fatigue 26 (2004) 39-47] points out that the mechanism that controls the fatigue crack advance in this material 
changes DVDIXQFWLRQRIWKHOHYHORIǻK applied. On the other side, the analysis of the fatigue crack propagation curves shows
that the behavior of this material cannot be explained entirely by the concepts of two driving forces. The contribution of the crack 
closure to the decrease in the fatigue crack growth rate is quantified using two methods, and the measurement of the crack 
opening load is done using the standard method proposed in the ASTM E647-08İ and the ACRn2 method. In basis of this last 
method and in the crack profiles, which are uncharacteristic in materials with austenite/martensite interface, it is established that 
in this material the crack closure is induced by roughness. At the end of the paper an explanation is suggested for the load ratio 
effects using the two driving forces and taking into account the contribution of the crack closure.
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1. Introduction
Traditionally, the effects of the load ratio in the fatigue crack growth rate (FCGR) have been explained through 
the crack closure, a phenomenon which was discovered by Elber (1970). The proposal of this author implicates that 
the damage in the crack tip can only be associated to the range of load in which the crack is completely open. This 
ideal behavior should be represented as a curve of 90° of slope in the load displacement graph, see Fig. 1. However, 
this is not the typical behavior observed in the compliance curves used to measure the crack closure, as is also 
illustrated in Fig. 1. This discrepancy, along with other inconsistencies, has led Kujwaski (2001) to reconsider the 
concept of crack closure based in the original concepts of Elber (1970).
The material used in this investigation is a metastable austenitic stainless steel (MASS). The term metastable 
refers to the ability of the material to change its structure from austenite to martensite as consequence of the high 
stresses or strains, though the studies on the subject show the importance of martensitic transformation in the FCGR,
see Mei et al. (1990), Schuster et al. (1983) and Pineau et al. (1974). The role of martensitic transformation in
conjunction with mechanical variables that influence the FCGR, like load ratio R, is not clear. In fact, to the best of 
the authors' knowledge, there are not studies of fatigue crack propagation behavior in the near threshold region of 
MASS on thin sheet specimens at temperature below the temperature of martensitic transformation.
This paper presents the results of fatigue crack growth tests in the near threshold region of a MASS. The FCGR 
curves will be plotted as a function of GLIIHUHQWSDUDPHWHUVDVWKHUDQJHRIVWUHVVLQWHQVLW\IDFWRUǻK, the effective 
stress intensity factor ǻKeff and the two driving forces proposed by Kujawski (2001).
2. Experimental procedure
The material employed in the current study was an austenitic stainless steel AISI 301LN provided by OCAS NV, 
Arcelor-Mittal R&D Industry Gent (Belgium). The chemical composition of the material used is shown in Table 1. 
Table 1. Chemical composition (wt.%)
Cr Ni Mo C Si P S Mn N
Annealed 17.8 6.4 0.24 0.01 0.47 0.03 0.007 1.49 0.119
Cold rolled 17.9 6.3 0.18 0.01 0.51 0.03 0.005 1.48 0.119
The fatigue crack growth tests were carried out by using single edge notch tension (SENT) specimens. The SENT 
specimens were obtained using a water jet cutter and were designed as shown in Fig. 2. Once the specimens were 
machined, one of their faces was electro-polished in a solution of 5%vol perchloric acid and 95% ethanol at 45 V.
Fig. 1. Illustration of the load against crack opening displacement curve showing the effect of crack closure.
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Fig. 2. Schematic illustration of the SENT specimen used in this investigation with the Krak gage, the clip gage, the temperature sensor and the 
strain gage.
On the other face of the specimens, the surface was polished to bond the Krak gage®. This is the sensor used to 
check the crack length during the tests. The compliance method was also used to measure the crack length (post-
test). It is worth noting that near the threshold for crack propagation, the crack length must be measured in real time. 
The fatigue crack growth tests were conducted using an Instron machine model 8801.
After fatigue tests, some of the specimens were used to observe the crack profile and the zone around the crack 
transformed to martensite. The martensite around the crack tip was revealed using a solution of 100 ml ethanol, 20 
ml HCl, 1.5 g K2S2O5 and 2 g NH4)Â+)
The fatigue crack growth tests were conducted to a frequency of 20 Hz at room temperature, following the K-
decreasing procedure proposed in the standard ASTM E647-08İ1 (2010). In this type of tests, the load decreases with 
the increase in the crack length. Two different types of test were implemented: tests with constant load ratio (R) and 
tests with constant Kmax.
The crack closure measurements were made using a procedure based on the ASTM offset method. In the method 
used, the "compliance slope" (segment of the 25% of the upper part of the compliance curve) is taken as the average 
of the load displacement curve in load and unload; and the "open-crack compliance slope" (segment of the 10% of 
the compliance curve) is taken as the average of the load displacement curve in load and unload. The crack opening 
load (Pop or Kop) was determined using an offset of 4%. 
3. Results
3.1. Fatigue crack growth rate as a function of the range of stress intensity factor ǻK
Fig. 3 shows the load ratio (R) and load shedding rate (c) effects on the FCGR curve. The curves of Fig. 3 show a 
decrease in the FCGR ZLWKWKHGHFUHDVHLQǻK. TKHILQDOSRLQWRIWKLVFXUYHLVNQRZQDVǻKth and below this point
the crack length does not increase or the growth is too small to measure. In the range of load shedding rate studied, 
the FCGR does not appear to be influenced by this variable. TKHǻKth changes only a little from R = 0.1 to R = 0.5.
When the fatigue crack growth tests were carried out at greater R WKDQ WKHǻKth was almost half of the value 
obtained at lower R.
For the cold rolled steel, the FCGR curves have the same overall features that the ones observed in the annealed 
steel, see Fig. 4. In this condition, the FCGR is independent of the crack plane orientation and for R greater than 0.5 
the FCGR is almost independent of the load ratio. 
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Fig. 3. Fatigue crack growth rate vs. stress intensity factor range at different load ratios for the annealed steel. 
Fig. 4. Fatigue crack growth rate vs. stress intensity factor range at different load ratio for the cold rolled steel.
3.2. Fatigue crack growth rate as a function of the effective stress intensity factor ǻKeff, the ǻK2/Pi and the two 
driving force proposed by D. Kujawski (2001)
Fig. 5 shows the FCGR in terms of the ǻKeff calculated for the annealed steel as:
opmaxeff KKK  ' (1)
All tests used to obtain the curves of Fig. 5 have crack closure, except the test performed at Kmax = 23 MPa¥m. If 
WKHǻK was the only driving force for the crack advance, it could be said that the ǻKeff proposed by Elber (1970)
overestimates the contribution of crack closure in the decrease of the FCGR.
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Fig. 5. Fatigue crack growth rate as a function of the effective stress intensity factor proposed by Elber (1970) for the annealed steel.
The results obtained for the cold rolled steel using driving forces based in the concepts of the crack closure are 
similar to the results obtained for the annealed steel. In the cold rolled steel, for example, it is not possible to
establish a bi-univocal relationship between the tests carried out to a same R, but with different crack plane 
orientations. This subject will be developed more extensively later.
Considering that the interference of crack surfaces do not completely shield the crack tip from fatigue damage,
Paris et al. (1999) have proposed to calculate an effective stress intensity factor range using
 minopapp2/Pi 2 KKKK ' ' S (2)
Fig. 6 shows the relationship between FCGR and ǻK2/Pi for the annealed steel. Even though the Donald's effect 
does not make the FCGR curves collapse, this parameter is able to establish a good correlation between driving 
force and the FCGR for tests conducted at different R. This parameter also gets better correlation between driving 
force and FCGR for the annealed steel, compared to the results obtained with the traditional ǻKeff.
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Fig. 6. Fatigue crack growth rate as a function of the effective stress intensity factor using the Donald's effect for the annealed steel.
Taking into account the inconsistencies found in the correlation between FCGR and ǻKeff or ǻK2/Pi, and other 
inconsistencies shown in other papers like Kujwaski (2001), Shin et al. (1985) and Macha et al. (1979), Kujawski 
(2001) proposed a crack driving force which is calculated by using Kmax and the positive part of the range of stress 
LQWHQVLW\IDFWRUǻK+) given by
    DD ' 1max* KKK (3)
The value of Į parameter in eq. (3) determines the contribution of Kmax and ǻK in the crack growth. Figs. 7 (a)
and (b) show the relationship between FCGR and K* for the annealed steel with an Į parameter of 0.6, both in the 
Paris region and near threshold region. The value of Į used was the one obtained in the Paris region, Fig. 7(a). The 
results show that in the near threshold region the Kujawski's parameter is not as successful as in the Paris region. 
However, the correlation can be improved with an Į parameter equal to 0.5, see Fig. 7(c). For the cold rolled steel, 
the correlation of the load ratio effects can also be improved employing a different Į parameter to the one found in 
the Paris region.
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Fig. 7. Fatigue crack growth rate as a function of the Kujawski's parameter for the specimens in annealed condition (a) in the Paris region, (b) 
near the threshold region with Į = 0.6 and (c) near the threshold region with Į = 0.5. 
4. Discussion
Since the best correlation of the load ratio effects in the near threshold region was obtained using parameters 
based on the crack closure or in the Kujawski parameter, but with Į values different to the values found in the Paris 
region, it is clear that the contribution from crack closure and Kmax should be quantified as a requirement to propose
an effective driving force to estimate the FCGR. However, before any proposal, the inconsistencies arisen from the 
crack closure parameters must be analyzed. 
Fig. 8 shows clearly that in the cold rolled steel, the main inconvenient of using ǻKeff as driving force is that it 
could not establish a unique relationship between ǻKeff and FCGR for a given load ratio. Further analysis of this 
situation was performed using the ACRn2 method proposed by Bray et al. (1999).
394   D.F. Martelo and M.D. Chapetti /  Procedia Materials Science  9 ( 2015 )  387 – 395 
Fig. 8. Fatigue crack growth rate of the cold rolled steel, at R = 0.1 and R  DVDIXQFWLRQRIǻKeff.
Table 2 shows the results of the measurements of the crack opening load (Pop/Pmax) using the ACRn2 method and 
the modified ASTM method for the cold rolled steel, for two different crack plane orientations DWWKHVDPHǻK level. 
No noticeable difference in the relationship Po/Pmax for the test with different crack plane orientations was observed 
when compared in terms of the ACRn2 method. Since the ACRn2 method is based in a complete analysis of the 
load displacement curve while the ASTM method is based in the determination of a minimum change in the 
compliance curve (in this investigation a 4% offset was used) different results are expected. It can be inferred that in 
the cold rolled steel with crack plane orientation LT (longitudinal), some crack peaks can be generating a random 
fluctuation in the compliance curve. The difference in the results of both methods can be explained in terms of the 
crack path roughness, which is shown in Fig. 9. For the fatigue tests carried out in the cold rolled steel with crack 
plane orientation LT, the roughness is bigger than in the steel with crack plane orientation TL (transversal).
Therefore, the specimens with crack plane orientation LT are more susceptible to a possible crack face contact. 
Table 2. Crack opening stress calculated using the modified ASTM method and the ACRn2 method.
Po/Pmax
(ASTM method)
Po/Pmax
(ACRn2 method)
Roughness peak
ȝP
ǻK  03D¥PR = 0.1, TL 0.55 0.44 4.3
ǻK  03D¥PR = 0.1, LT 0.77 0.43 7.2
Fig. 9. Optical micrograph of the crack profile in the cold rolled steel at (a) R = 0.5 LT orientation and (b) R = 0.6 TL orientation.
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5. Conclusion
The results of this paper show the necessity of including the crack closure as an important mechanism to explain 
the load ratio effect in the FCGR of MASS in the near threshold region. However, it is indispensable to find a
relationship able to quantify the real contribution of the crack closure as well as Kmax on the reduction in the fatigue 
damage. 
The results obtained using the Kujawski's parameter have shown how is the contribution of the parameters ǻK+
and Kmax to the fatigue crack growth. This concept is analogous to the crack trajectory map proposed by Sadananda
et al. (2003).
So, any model used to estimate the FCGR in components of MASS should have the following aspect:
 mmKCdN
da *' (4)
where:
    mmm KKK DD ' ' 1effmax* (5)
and ĮP has the same physical meaning than the Į parameter of the Kujawski's approach. The difference would be 
that in eq. (5) ĮP varies with the variation in the fatigue crack growth rate and the mechanism which control the 
crack advance.
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